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Chapter 1. Introduction 
1. Background 
1.1 Base catalysis 
Brønsted base catalysis is fundamental and reliable catalysis in organic chemistry, which enables 
the transformation of small molecules as intended in a catalytic fashion.1 Transformations based on 
Brønsted base catalysis are generally initiated by the deprotonation of a substrate by a Brønsted base 
catalyst to generate an anionic species.2 The resulting anionic species then participates in an 
elementary process, such as nucleophilic addition to an electrophile, rearrangement, or 
isomerization, to form a different anionic intermediate that is subsequently protonated by a 
conjugated acid of the Brønsted base or the substrate to provide a product along with the 
regeneration of the Brønsted base catalyst or the starting anionic species (Scheme 1).3 These 
conventional catalytic cycles have been adopted in tremendous amounts of applications so far. 
Scheme 1. General catalytic cycle of Brønsted base catalysis 
 
1.1.1 Organosuperbase: Phosphazenes 
Phosphazenes, which are known as organosuperbases, are a distinct and increasingly - utilized 
class of strong Brønsted bases that possess advantageous properties for developing catalytic 
reactions compared to common inorganic bases having strong basicity, such as high solubility in 
organic solvents, even in less polar ones, generation of highly nucleophilic “naked” anions and 
generation of a cationic conjugate acid.4 For instance, in 2009, our lab had developed P4-tBu -
catalyzed intramolecular addition of less acidic benzyl ethers to an alkyne to give benzofurans 
(Scheme 2-1), which provides a powerful method for the construction of cyclic frameworks that are 
otherwise difficult to access.5 In 2018, inspired by Kondo’s work on P4 - tBu catalyzed alcohol 
addition to alkynes,6 J. S. Bandar and co-workers developed the anti-Markovnikov 
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hydroetherification to (hetero)aryl-substituted alkenes under the guidance of a hypothesis, that is, 
P4- tBu could generate nucleophilic alkoxide ion pairs capable of adding to aryl-substituted alkenes 
(Scheme 2-2).7 
Scheme 2. Selected examples of P4- tBu catalyzed reactions 
 
1.1.2 Alkali Metal Base 
Many inorganic Brønsted bases of varying basicities, counterions, and structures are 
commercially available, and their reactivity has been extensively explored and utilized.8 Recently, 
the development of the methods for the direct functionalization of less acidic pronucleophiles, which 
bears weakly acidic hydrogen atoms (pKa > 30 in DMSO), by using inorganic Brønsted bases 
possessing high basicity, has been one of the major research streams in the field of Brønsted bases 
catalysis.9  
Kobayashi and co-workers had proposed a concept of a “Product Base”, which formed through a 
carbanion reacts with an electrophile to form an anionic reaction intermediate. They made a big 
progress to overcome the limitation of less acidic starting compounds, showed in Scheme 3–1.9e 
They developed catalytic addition reactions of very weakly acidic nonactivated alkylarenes, such as 
toluene and its derivatives, by using a mixed-catalyst system of tBuOK and LiTMP. Guan and co-
workers also contributed to study the application of strong Brønsted base catalyst in organic 
synthesis. They had reported potassium amide-catalyzed selective benzylic C-H bond addition of 
alkylpyridines to styrenes (Scheme 3-2).10 They further confirmed that KHMDS as a catalyst 
introduces a deprotonation equilibrium, which could be of great importance for the excellent 
selectivity through mechanistical study. 






1.2 Auto-Tandem Catalysis 
It’s the fundamental theme to develop methodologies for converting simple precursors into 
complex molecules in few synthetic steps in synthetic organic chemistry. Inspired by various 
biocatalysts, which could accelerate more than two transformation reactions, much attention has 
therefore been attracted to the development of new catalytic transformations with maximized atom 
and step economy in modern organic synthesis.11 
Tandem catalysis has, in this regard, attracted considerable attention, owing to the fact that it 
enables the implementation of one pot, multistep procedures without isolation, purification, and 
workup of intermediates, thereby saving time and cutting waste. According to the catalyst(s) 
efficiency, tandem catalysis could be divided into three subcategories: orthogonal-, assisted-, and 
auto-tandem catalysis.  
“Orthogonal-tandem catalysis” consists of two or more noninterfering catalysts, each of which is 
compatible and activates different reactions (Scheme 4). Although the operational efficiency is high, 
it has some drawbacks, such as the inefficient use of catalysts and difficulty of recovering each 
catalyst. 
Scheme 4. Schematic diagram of orthogonal-tandem catalysis 
 
“Assisted-tandem catalysis” employs only one catalyst. After the first catalytic cycle is 
completed, chemical triggers are added to change the species of the catalyst and start the second 
cycle (Scheme 5). Therefore, the effect of negative interactions or competition between one catalyst 
and the other catalyst is minimal. However, the operational simplicity is lower than the other 
reactions due to monitoring of the completion of the first transformation and interventional addition 






Scheme 5. Schematic diagram of assisted -tandem catalysis 
 
The third class is “auto-tandem catalysis (ATC)”. The concept of ATC was well-defined by Fogg 
and dos Santos as “two or more mechanistically distinct catalysis processes occur spontaneously in 
a synthetic sequence by means of the interaction of species”. (Scheme 6).11b Comparing with 
orthogonal-, assisted -tandem catalysis, ATC is fascinating: the catalyst utilization is highly efficient 
and the operational complexity is minimal. ATC is a powerful approach towards organic synthesis, 
and have been utilized in the construction of important structural motifs including heterocycles and 
carbocycles. Meanwhile, ATC is inherently difficult to control. For instance, substrate A can enter 
into both catalytic cycles. A more fundamental difficulty, as in orthogonal catalysis, emerges from 
the likelihood that the conditions for optimal performance differ for the two catalytic process. 
However, once the appropriate balance can be found, ATC is exceptionally efficient.11c 
Scheme 6. Schematic diagram of auto-tandem catalysis 
 
Up till now, transition metals are widely used for ATC reactions.11a,12 Although this field has seen 
significant progress, examples of enantioselective ATC to construct enantiomerically enriched 
molecules remain particularly limited. An example of Ni catalyzed enantioselective auto-tandem 
catalysis is shown in Scheme 7-1.13 The one-pot conversion of a broad array of allylic alcohols into 
the their corresponding 1,3-dinitriles was achieved, which proceeds through a novel sequential 
cyanation/hydrocyanation pathway. On the other hand, over the past decade, additive-induced acid-
acid-catalyzed tandem reactions have achieved noticeable progress. In 2017, Gu and co-workers 
introduced the additive or an additive-like component in ATC to keep the simplicity of the reaction 
system and open an avenue to access many new tandem reactions, such the wise use of NBS as a 
hided reagent to furnish furan derivatives through AlCl3-catalyzed tandem reaction from aliphatic 
aldehydes and 1,3-dicarbonyl compounds (Scheme 7-2).14 Besides, ATC using a Brønsted base as 
the catalyst is also attractive due to its operational simplicity and the mildness of the reaction 
conditions. In 2011, Xu and co-workers developed a synthetic method for polysubstituted 
tetrahydroquinoline derivatives via organocatalytic asymmetric tandem Michael addition and the 
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aza-Henry reaction with high yields and stereoselectivities (Scheme 7-3-(1)).15 In 2012, Wang and 
co-workers documents the first highly stereoselective tandem Mannich – Michael addition of 
malononitrile to 2-alkenyl substituted imines, leading to an enantioselective preparation of highly 
substituted tetrahydroquinolines bearing an all-carbon quaternary center (Scheme 7-3-(2)).16 
Scheme 7. Selected examples of Auto-tandem catalysis 
(1) ATC with transistion metal catalyst 
 
(2) ATC with acid-acid catalyst 
 





1.3 Approaches of synthesis diarylalkanes  
The diarylalkanes are prevailing structural motifs found in natural products and synthetic 
molecules for pharmaceuticals and materials. Among them, the heteroaryl-substituted derivatives 
represent a class of important pharmacophores in medicinal chemistry.17 Conventionally, the 
alkylation of diarylmethanes is one of the straightforward methods for the synthesis of diarylalkanes. 
The synthesis could be broadly achieved by direct functionalization of benzylic bonds via three 
approaches (Scheme 8).17a 1) Deprotonation of diaryl/heteroaylmethane utilizing stoichiometric 
amount bases to produce a carbanion followed by a sequent nucleophilic substitution or addition 
reaction; 2) Transition-metal-catalyzed deprotonated cross-coupling process; And 3) Direct 
oxidative coupling reactions or radical pathway resulting in the formation of benzylic radical. 
Scheme 8. Synthesize approaches of diarylalkanes by functionalization of diarylmethanes 
 
Three examples were selected to demonstrate each approach (Scheme 9). 1) Base-mediated C-H 
functionalization of diarylmethanes: in 2016, Kobayashi and co-workers developed the regio- and 
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stereoselective substitution of allylic and propargylic phosphates with diarylmethane under 
transition-metal-free base-mediated conditions, yielding products in good to excellent yields 
(Scheme 9-1).18 2) Transition metal-catalyzed benzylic C-H functionalization of diarylmethanes: 
Miuara and co-workers developed palladium-catalyzed, in which direct benzylation of azole with 
benzyl carbonates and the subsequent sp3 C-H benzylation with same or different benzyl carbonates 
occur - to furnish the corresponding benzylated diarylmethanes without the addition of any external 
base (Scheme 9-2).19 3) Oxidant-mediated functionalization: in 2014, Liu and co-workers have 
developed a DDQ – promoted intermolecular cross-dehydrogenative coupling reaction of benzylic 
C(sp3)-H bonds not adjacent to heteroatoms and C(sp2)-H bonds of alkenes. The reaction provided 
an approach, which is environmentally friendly and efficient, for synthesis of polysubstituted 1H‐
indenes in a single step via a radical initiated process (Scheme 9-3).20 
Scheme 9. Selected examples of synthesis of diarylalkanes  
(1) Brønsted base-mediated alkylation 
 
(2) Transition metal catalyzed alkylation 
 
(3) Oxidative alkylation 
 
2. Abstract of this thesis 
The ability to catalyze multiple mechanistically distinct processes in a reaction, auto-tandem 
catalysis, is a powerful approach towards organic synthesis. The utility of strong Brønsted base in 
nucleophilic addition reactions also drives much attention in recent year, which could catalyze many 
8 
 
kinds of weakly acidic carbon pronucleophiles. The concept of auto-tandem catalysis with a 
Brønsted base catalyst is truly charming because the operationally simple protocols enable the 
synthesis of complex molecules under mild reaction conditions. Thus, we expected that the 
establishment of an auto-tandem catalysis with less acidic compounds by using a strong Brønsted 
base would expand the scope of its application and extend its utility in organic synthesis through 
providing efficient access to attractive structurally complex molecules. In this thesis, we applied 
this concept to develop an intermolecular / intramolecular addition sequence reaction, which direct 
functionalization of less acidic pronucleophiles, providing valuable diarylalkanes containing a 
benzofuran moiety. The details of the establishment of suitable reaction conditions for 
mechanistically distinct processes were depicted in Chapter 2; The mechanistical study of this 
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Chapter 2. Development of Intramolecular / 
Intermolecular Addition Sequence for 
Strong Brønsted Base 
1. Background 
Auto-tandem catalysis with a Brønsted base catalyst is particularly attractive due to its operational 
simplicity and the mildness of the reaction conditions.1 However, most of the reactions reported to 
date are the reactions that use highly acidic compounds as the substrate and that limit the accessible 
structural motifs and their applications in organic synthesis.2 The application of strong Brønsted 
base enabling the use of less acidic pronucleophiles and thus the development auto-tandem catalysis 
with strong Brønsted base would extend the utility of the catalysis in organic synthesis. Therefore, 
we designed a reaction of ortho-alkynylaryl benzyl ethers with activated alkenes to provide 
diarylalkanes as an immediate goal. Our reaction design is shown in Scheme 1. The first catalytic 
process involves the formation of 3-benzylbenzofurans 2 through the intramolecular cyclization of 
ortho-alkynylaryl benzyl ethers 1 having an aryl group at the alkyne terminus and the following 
aromatization. In the second catalytic process, 3-benzylbenzofurans 2, which are members of 
diarylmethanes and formed by the first catalytic process, serve as the pronucleophile, and their 
catalytic addition to activated alkenes 3 provides desired diarylalkanes 4.  
Scheme 1. Reaction design 
 
Diarylalkanes are an important structural motif found in a large number of bioactive compounds. 
The alkylation of diarylmethanes is one of the straightforward methods for the synthesis of 
diarylalkanes. Although nucleophilic substitution reactions3 and transition-metal4-catalyzed allylic 
alkylation reactions have been developed by using a stoichiometric amount of a Brønsted base, the 
addition reactions with a catalytic amount of a Brønsted base are rare due to the low acidity of 
diarylmethanes.5 In addition, all of the precedents require the pre-synthesis of diarylmethanes. 
Therefore, we expected that our intended reaction would not only provide a new method for the 
synthesis of valuable diarylalkanes but also demonstrate the high potential of auto-tandem catalysis 
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with a strong Brønsted base catalyst as a new methodology for organic synthesis. The key for 
achieving the auto-tandem catalysis is the establishment of suitable reaction conditions for 
mechanistically distinct processes. We were able to successfully manage this issue, and report herein 
the reaction of ortho-alkynylaryl benzyl ethers with styrenes to provide diarylalkanes containing a 
benzofuran moiety. 
2.  Experimental Results 
2.1.  Initial Study: Screening of Brønsted Base 
As an initial study, ortho-alkynylphenyl benzyl ether 1a was chosen as the standard substrate to 
testify the viability of our reaction design. The reactions were performed with 20 mol% of 
organobase, 1.5 equivalents of styrene (3a) in DMSO at 40 °C for 3h. First, several organobases 
having different basicities were used as a catalyst (Table 1, entries 1-3). As a result, phosphazene 
base P4-tBu having strong basicity (pKBH+ = 30.3) provided desired 4aa in 89% NMR yield along 
with a small amount of non-alkylated product 2a, whereas the use of less basic P2-tBu (pKBH+ = 
21.5) and P1-tBu (pKBH+ = 15.7) resulted in the recovery of 1a. These results suggest that the use of 
strong Brønsted bases is essential to promote the designed tandem reaction. Inorganic bases 
KHMDS (pKBH+ = 27.0) and 
tBuOK (pKBH+ = 29.6), possessing strong basicity, were also tested, 
and found that these bases facilitated the reaction (entries 4 and 5), and the use of tBuOK as a catalyst 
provided 4aa in the highest yield (entry 5). The counter cation of inorganic bases was also highly 
influential to the reaction outcome. The use of tBuONa instead of tBuOK provided 4aa in low yield 
while the use of tBuOLi resulted in no reaction (entries 6 and 7). Based on the results of the initial 
study, tBuOK was selected as the catalyst for further studies. 




Yield (%)[b] pKBH+  
(DMSO) 4aa Int 2a SM 1a 
1 P1- tBu - - 98 15.7 
2 P2- tBu - - 95 21.5 
3 P4- tBu 89 4 - 30.3 
4 KHMDS 87 4 - 27.0 
5 tBuOK 95(91) - - 29.6 
6 tBuONa 12 87 -  
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7 tBuOLi - - 98  
[a] Reaction conditions: 1a (0.20 mmol), 3a (0.30 mmol), base (0.040 mmol), solvent (2.0 
mL), 40 °C, 3 h. [b] Yields were determined by 1H NMR analysis of the crude mixture. 1,3-
Benzodioxole was used as an internal standard. Isolated yield is shown in parentheses. 
2.2.  Optimization of Reaction Conditions 
After the initial study, the screening of the solvent was then carried out with tBuOK as a catalyst 
(Table 2, entries 1-6). It revealed that the solvent effect was significant and the reactions in DMSO, 
which is the most polar solvent gave the highest yield. The use of DMF, which is less polar than 
DMSO, resulted in the formation of 4aa in moderate yield and partial cyclization intermediate 2a. 
Moreover, other solvents, including acetonitrile, THF, and toluene, resulted in the recovery of 1a. 
Presumably, aprotic polar solvent having strong Lewis basicity, such as DMSO, increase the 
nucleophilicity of carbanion generated by the deprotonation and facilitates the following carbon-
carbon bond forming events in the multi-step reaction. Then we studied the effect of the amount of 
styrene, concentration and temperature (entries 7-9). These results indicated enough amount of 
electrophile is necessary to obtain the product in high yield, and the concentration scarcely affects 
the reaction. The reaction at room temperature provided the result similar to that at 40 °C, but with 
insufficient reproducibility. 




Conc. Temp. Solv. 
 
Yield (%)[b] 
(M) (°C) 4aa Int 2a SM 1a 
1 1.5 0.1 40 DMSO 95(91) - - 
2 1.5 0.1 40 DMF 55 31 - 
3 1.5 0.1 40 MeCN - - 85 
4 1.5 0.1 40 THF - - 95 
5 1.5 0.1 40 Et2O - - 99 
6 1.5 0.1 40 Toluene - - 99 
7 1.1 0.1 40 DMSO 83 10 - 
8 1.5 0.05 40 DMSO 94 <1 - 
9 1.5 0.1 rt DMSO 92 - - 
[a] Reaction conditions: 1a (0.20 mmol), 3a (0.30 mmol), base (0.040 mmol), solvent (2.0 
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mL), 40 °C, 3 h. [b] Yields were determined by 1H NMR analysis of the crude mixture. 1,3-
Benzodioxole was used as an internal standard. Isolated yield is shown in parentheses. 
2.3 Substrate Scope 
With the optimized reaction conditions in hand, we investigated the scope of the substrates. First, 
the scope of the substituents on the benzyl moiety of 1 was examined (Table 3). Substrate 1b having 
an electron-deficient para-chlorophenyl group as the benzyl moiety underwent the reaction 
smoothly to provide 4ba in high yield (entry 1). On the other hand, the reaction of 1c having an 
electron-rich para-methoxyphenyl group was sluggish, and 4ca was obtained in low yield along 
with 2c and unreacted 1c (entry 2). Sterically congested 1-naphthyl substituted 1d required a high 
temperature to promote the reaction (entry 3). Compounds 1e and 1f having a heteroaryl group 
underwent the reaction without any problem to provide 4ea and 4fa in high yields (entries 4 and 5). 
The reaction with the substrates possessing a strong electron-withdrawing group such as – para-
nitrophenyl 1g and ethyl acetate-derived 1h (entry 6 and 7) stopped in the cyclization step, and the 
corresponding non-alkylated products 2g and 2h were obtained. The strong electron-withdrawing 
group probably decreased the requisite nucleophilicity of carbanion of compound 2, preventing the 
addition to 3a to afford product 4. 
Table 3. Scope of substituents on the benzyl moiety[a] 
 
Entry 1 4 Ar1 Time 
(h) 
Yield (%)[b] 
4 Int2 SM1 
1 1b 4ba 4-ClC6H4 3  96 (92) - - 
2  1c 4ca 4-MeOC6H4 22 21 14 38 
3[c] 1d 4da 1-Naphthyl 22 42 (44) 3 - 
4 1e 4ea 2-Pyridyl 3 96 (90) - - 
  5 1f 4fa 2-Furyl 3 88 (87) - - 
6 1g 4ga 4-NO2C6H4 3 - 98 - 
7 1h 4ha CO2Et 3 - 82 - 
[a] Reaction conditions: 1 (0.20 mmol), 3a (0.30 mmol), base (0.040 mmol), solvent (2.0 
mL), 40 °C, 3 h. [b] Yields were determined by 1H NMR analysis of the crude mixture. 1,3-
Benzodioxole was used as an internal standard. Isolated yields are shown in parentheses. [c] 
The reaction was conducted at 100 °C. 
Then, the screening of the substituents at the alkyne terminus was carried out (Table 4). Various 
aryl groups including electron-withdrawing (entry 1), electron-donating (entry 2), sterically 
hindered ones (entry 3) as well as heteroaryl groups (entry 4 and 5) were applicable as the substituent, 
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and the corresponding products were obtained in moderate to high yields. Meanwhile, substrate 1o 
with an alkyl substituent, such as butyl group (entry 7) was also examined. However, in this case, 
the intramolecular cyclization did not proceed and the adduct 4’oa, which formed through the 
addition to styrene at the propargylic position, was obtained. Moreover, the reaction was hampered 
by the introduction of strong electron-withdrawing substituents, such as – para–triflurophenyl, 
para–nitrophenyl, para–cyanophenyl groups (entry 6-9). In these cases, even the intramolecular 
cyclization did not proceed, and starting material 1 were fully recovered. 
Table 4. Scope of substituents at the alkyne terminus [a] 
 
Entry 1 4 Ar2 Time 
(h) 
Yield (%)[b] 
4 Int2 SM1 
1 1j 4ja 4-ClC6H4 3  97 (90) - - 
2  1k 4ka 4-MeOC6H4 8 56 (54) 44 - 
3 1l 4la 1-Naphthyl 22 78 (74) 14 - 
4 1m 4ma 2-thienyl 3 98 (93) - - 
  5 1n 4na 2-Pyridyl 3 89 (85) - - 
6 [c] 1o 4’oa nBu 3 - - - 
7 1p 4pa 4-CF3C6H4 3 - - >99 
8 1q 4qa 4-NO2C6H4 3 - - >99 
9 1r 4ra 4-CNC6H4 3 - - >99 
[a] Reaction conditions: 1 (0.20 mmol), 3a (0.30mmol), tBuOK (0.040mmol), DMSO (2.0 mL), 
40 °C. [b] Yields were determined by 1H NMR analysis of the crude mixture. 1,3-Benzodioxole 
was used as an internal standard. Isolated yield is shown in parentheses. [c] 4’oa was showed 
below. 
 
We assumed the reason why the intramolecular cyclization of 1p-1r did not proceed and it would 
be attribute to the balance of the acidities of the substrates and the products (Scheme 2). In order to 
promote the intramolecular cyclization, the protonation of vinyl anion intermediate B must proceed 
smoothly, and thus the acidity of SM must be higher than that of product C (pKa: Ha < Hb). However, 
in the case 1p-1r, the acidity of C would become higher than that of SM 1 (pKa: Ha > Hb) because 
of the influence of the strong electron-withdrawing group. Therefore, the intramolecular cyclization 
15 
 
of these substrates did not occur. 
Scheme 2. Possible work mechanism 
 
In order to evaluate the plausibility of the idea, we tested additional substrates 1s and 1t having 
an ester moiety (Table 5). We expected that these compounds would undergo the intramolecular 
cyclization because the acidity of 1 is enhanced by the ester moiety and the balance of the acidities 
would be improved (pKa: Ha < Hb) even in the presence of a strong electron withdrawing substituent 
at the alkyne terminus. Indeed, the intramolecular cyclization proceeded as we expected, and these 
results support our hypothesis.  
Table 5. Substitution effect of Ar2 [a] 
 
Entry 1 2 4 Ar2 Yield (%)[b] 
4 Int2 SM1 
1 1s 2s 4sa 4-CNC6H4 - 70 13 
2 1t 2t 4ta 4-NO2C6H4 - 40 38 
[a] Reaction conditions: 5 (0.20 mmol), 3a (0.30mmol), tBuOK (0.040mmol), DMSO (2.0 
mL), 40 °C, 3h. [b] Yields were determined by 1H NMR analysis of the crude mixture. 1,3-
Benzodioxole was used as an internal standard. 
Next, the scope of activated alkenes 3 was investigated (Table 6). Styrene derivatives possessing 
an electron-withdrawing group (entry 1 and 2) and an electron-donating group (entry 3) at the para 
position underwent the reaction without any problem and the corresponding products were obtained 
in good yields. 1-Vinylnaphthalene (3f) underwent the reaction smoothly, whereas 2e having an 
ortho-chlorophenyl group provided 4ae in moderate yield even after 17 h (entry 4 and 5). 2-
Vinylpyridine (3g) was also applicable to the reaction albeit the yield was moderate (entry 6). 
Interestingly, α-substituted styrenes, such as 1,1-diphenylethylene (3h) and α-methylstyrene (3i), 
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participated in the reaction to provide 4ah and 4ai in good yields, respectively (entry 7 and 8). 
Furthermore, not only styrene derivatives but also triphenylvinylsilane (3j) could be used, and 4aj 
was obtained in moderate yield (entry 9). The reactions with trans-stilbene (3k), phenyl vinyl sulfide 
(3l) and activated alkenes having an electron-withdrawing group, such as acrylates (3m) and vinyl 
sulfones (3n), were also tested (entry 10 and 13). However, the desired product was not obtained 
and instead, 2a was generated or 1a was recovered in these cases.  
Table 6. Scope of alkenes 3 [a] 
 
Entry 3 4 R1 R2 Time 
(h) 
Yield (%)[b] 
4 Int2a SM1a 
1 3b 4ab 4-BrC6H4 H 3  93 (92) - - 
2  3c 4ac 4-MeC6H4 H 3 86 (82) - - 
3 3d 4ad 4-MeOC6H4 H 3 82 (78) 13 - 
4 3e 4ae 2- ClC6H4 H 17 50 (52) 33 - 
  5 3f 4af 1-Naphthyl H 3 87 (84) 7 - 
6 3g 4ag 2-Pyridyl H 20 38 50 - 
7 [c,d] 3h 4ah Ph Ph 25 71 (67) 18 - 
8 [e] 3i 4ai Ph Me 8 81 (78) 11 - 
9 [e] 3j 4aj Ph3Si H 25 52 (50) 30 - 
10 3k 4ak trans-stilbene 9 - 89 - 
11 3l 4al SPh H 25 1 83 - 
12 3m 4am CO2 
tBu H 17 - 3 85 
13 3n 4an SO2Ph H 6 - - 98 
[a] Reaction conditions: 1a (0.20 mmol), 3 (0.30mmol), tBuOK (0.040mmol), DMSO (2.0 mL), 
40 °C. [b] Yields were determined by 1H NMR analysis of the crude mixture. 1,3-Benzodioxole was 
used as an internal standard. Isolated yields are shown in parentheses. [c] The reaction was 
conducted with 0.020 mmol (10 mol%) of tBuOK. [d] 2.0 equivalents of 3h was used. [e] The 
reaction was conducted with 0.080mmol (40mol%) of tBuOK. [f] 4ai was obtained as a 1 : 1 mixture 
of diastereomers. 
  Finally, the tandem reaction was applied to the synthesis of diarylalkanes containing different 
heteroaromatic ring (Table 7). Specifically, the reaction of ortho-alkynylphenyl benzyl thioether 5a 
as the substrate with styrene 3a was attempted. The reaction proceeded to provide diarylalkane 7aa 
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containing a benzothiophene moiety in moderate yield. The synthesis of diarylalkanes containing 
an indole moiety was failed. Although the intramolecular cyclization of ortho-alkynyl-N-
benzylanilines proceeded smoothly, the intermolecular addition of the corresponding 
diarylmethanes 6b to 3a was sluggish. The result may ascribe to the electron-rich nature of indole 
moiety of 6b, which decrease the acidity of proton at the benzylic position and thus would prevent 
the efficient deprotonation. 
Table 7. Synthesis of diarylalkanes containing different heteroaromatic ring[a] 
 




1 5a S 8  58 39 
2 5b N(Me) 11 15 81 
3. Summary  
In conclusion, we have developed an auto-tandem catalysis with a strong Brønsted base for the 
synthesis of diarylalkanes. Potassium tert-butoxide efficiently catalyzed both the intramolecular 
cyclization of less acidic ortho-alkynylaryl benzyl ethers and the following intermolecular addition 
of diarylmethanes to styrene derivatives to provide diarylalkanes containing a benzofuran moiety. 
Therefore, this study demonstrates the high potential of auto-tandem catalysis with a strong 
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Chapter 3. Mechanistic Study 
1. Background  
We designed and developed the intramolecular / intermolecular addition sequence for the 
synthesis of diarylalkanes by auto-tandem catalysis with strong Brønsted base. We considered the 
reaction involves the nucleophilic additions of carbanion intermediate (Scheme 1). The anion work 
mechanism involves two catalytic cycles, the first catalytic process starts from deprotonation of 
substrate 1 by strong Brønsted base to generate anion A, followed by 5-exo intramolecular 
cyclization, which would give vinyl anion intermediate B. Subsequent protonation of B would take 
place by the conjugate acid [Base . H]+. The protonation step provides intermediate C while also 
regenerating the base for further catalytic cycles. Heteroaromatization of C gives the benzofuran 
derivatives 2. Then intermediate 2 enters into the second catalytic cycle as the pronucleophile, which 
could be further deprotonated by the regenerated base to give anion D. The following insertion of 
activated alkenes 3 easily affords nucleophilic addition intermediate E, then protonation of E to 
provide final product 4. 
Scheme 1. Proposed work mechanism 
 
On the other hand, Yan and co-workers have developed the related cyclization of o-alkynyl N, N-
dialkylanilines catalyzed by tBuOK in DMSO (Scheme 2).1 They have also reported the cyclization 
of tertiary amines and alkenes promoted by tBuOK in DMF. They proposed the mechanism 
involving the free radicals based on the results of control experiments (Scheme 3). In their proposed 
mechanism, DMSO (DMF) is initially deprotonated by tBuOK to give dimsyl radical (carbamoyl 
radical) by the single electron transfer process. Then, dimsyl radical abstract the hydrogen at the α-
position of nitrogen, and the following intramolecular cyclization proceeds. To clarify the reaction 







Scheme 2. tBuOK mediated cyclization reactions 
 
 
Scheme 3. Proposed radical work mechanism 
 
2. Control Experiments 
Yan and co-workers reported a new strategy for the direct reaction of tertiary amines by tBuOK–
DMF (Scheme 2-2). They conducted the deuterium incorporation experiment to probe the reaction 
mechanism in their work. The reaction with substrate 3’a was carried out in DMF-d1, and deuterium 
was incorporated into the benzylic positions of 4’a-d5 (Scheme 4-1). On the other hand, no 
deuteration incorporation was observed when the reaction was conducted in the presence of 5 
equivalents of tBuOD in normal DMF (Scheme 4-2). Based on these results, they concluded the 






Scheme 4. Control experiments of tBuOK–DMF catalyzed reactions 
 
 
In accordance with the reported control experiment, first, we attempted our reaction in DMSO-
d6. As a result, deuterium was incorporated into not only benzylic position derived from 2a but also 
benzylic position derived from styrene of 4aa-d3 (Scheme 5-1). Then, the reaction with deuterium 
labelled substrate 1a-d2 was conducted, and no deuterium marked intermediate 2a-d2 or product 
4aa-d3 could be detected (Scheme 5-2). In addition, when (benzyloxy)benzene 5’ was treated with 
tBuOK in DMSO-d6, the hydrogen at the benzylic position were converted to deuterium (Scheme 
5-3). Furthermore, the treatment of final product 4aa with tBuOK in DMSO-d6 result in the 
formation of 4aa-d3 with similar content percentage to that observed in the reaction shown in 
Scheme 5-1 (Scheme 5-4). These results clearly suggest that the process of hydrogen-deuterium 
exchange of substrates and products can easily occur under our reaction conditions, and did not give 
any evidence to conclude whether the reaction mechanism involves the radical or not.  





Yan and co-workers reported that the intramolecular cyclization of o-alkynyl N,N-dialkylanilines 
was inhibited completely in the presence of TEMPO (Scheme 6). Based on the results and their 
related previous studies, they proposed a radical work mechanism. To probe either anion or radical 
mechanism, we also tested the reaction of 1a with 3a in the presence of 0.2 equivalent of TEMPO, 
resulting in the formation of 4aa in 58% yield (Table 1, entry 1). In addition, even in the presence 
of 1 equivalent of TEMPO, 25% yield of 4aa still formed along with 20% yield of 2a (entry 2). 
Although these results could not determine the anion or radical work mechanism, the radical chain 
mechanism could be excluded. During the control experiments with TEMPO, the formation of 
TEMPO adduct 5a was detected. Additionally, we treated 1a with TEMPO in the absence of styrene 
under the optimized conditions. As a result, treatment with 1.0 equivalent TEMPO yielded around 
40% of compound 5a (entry 3) while treatment with 2.0 equivalent TEMPO yielded around 70% of 
compound 5a (entry 4). 
Scheme 6. Free radical inhibition experiment with TEMPO by Yan and co-workers 
 







4aa 2a 5a 
1 0.2 1.5 58 29 3 
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2  1.0 1.5 25 20 45 
3 1.0 0 - 49 39 
4 2.0 0 - 17 70 
[a] Reaction conditions: 1a (0.20 mmol), tBuOK (0.040mmol), DMSO (2.0 mL), 40 °C. [b] 
Yields were determined by 1H NMR analysis of the crude mixture. 1,3-Benzodioxole was used as 
an internal standard. 
According to the above results, we speculated two kinds of mechanisms for the formation of 
TEMPO adduct. One is the addition of carbanion D derived from 2a to oxoammonium cation 
generated through the disproportionation of TEMPO (Scheme 7). It has reported that TEMPO 
undergoes disproportionation,3 albeit not basic conditions but under acidic conditions, yielding 
oxoammonium cation (Scheme 8). The alternative mechanism is shown in Scheme 9. In this 
mechanism, one TEMPO oxidizes carbanion D to form intermediate radical F, and the radical is 
trapped by another TEMPO to generate product 5 (Scheme 9).4 In both mechanisms, the half 
amounts of TEMPO are converted into the corresponding hydroxide, which would serve as a base 
for regeneration of carbanion. Therefore, the reaction proceeded in a catalytic fashion and the yield 
of 5 did not exceed the half amount of TEMPO.   
Scheme 7. Possible anion mechanism of TEMPO addition reaction 
 
Scheme 8. Acid-catalyzed disproportionation of TEMPO 
 




The reaction mechanism of our tandem reaction, whether anion or radical work mechanism, is 
still unclear up to now. To further explore the mechanism, we conducted a radical clock experiment 
(Scheme 10). We applied α-cyclopropylstyrene (3b) as the electrophile into the reaction. We 
expected that ring-keep product 4ab would form if the reaction undergoes anion work mechanism, 
while the ring-open product 4ac would form if the reaction proceeds through radical work 
mechanism.5 As a result, ring-keep product 4ab was exclusively obtained in 65% yield, indicating 
that the anion work mechanism is more plausible. 
Scheme 10. Tandem reaction with α-cyclopropylstyrene 3b 
 
In the radical mechanism proposed by Yan and co-workers, DMSO or DMF is the crucial 
promoter (Scheme 3). To seek more evidence to distinguish our reaction mechanism from their 
proposed mechanism, the reaction was carried out in THF using 18-crown-6 as additive. In this case, 
desired product 4aa was still obtained in 15% yield along with 78% yield of non-alkylated 2a. This 
result suggests that DMSO is not essential to prompt this reaction. Therefore, we reasoned that the 
tandem reaction would proceed in the anion work mechanism based on the results obtained all of 
the control experiments(Scheme 10).  
Scheme 11. Tandem reaction in THF 
 
Nevertheless, according to our proposed reaction mechanism (Scheme 1), there still remain two 
questions: Does product 4 form through the direct addition of vinyl anion intermediate B to alkenes 
3? Does this reaction involve the formation of 2 as an intermediate? To explore these questions, we 
first tested the reaction with substrate 6, which has a methine carbon at nucleophilic site (Scheme 
11). As a result, the intramolecular cyclization proceeded but the styrene adduct product 8 did not 
observe. It suggested that product 4 would not form through the direct addition of intermediate B to 
3. Then, 2 was treated with styrene (3a) under the optimized conditions (Scheme 12). The desired 
product 4aa was obtained in high yield, and hence it was confirmed that 2a served as an intermediate 
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for the formation of 4aa from 1a and 3a. 
Scheme 1. Proposed work mechanism 
 
Scheme 11. Reaction with substrate 5 
 
Scheme 12. Reaction with intermediate 2 
 
 
During the exploring process, we found an interesting phenomenon (Scheme 13). In auto-tandem 
reaction, 90% of styrene addition product 4aa and 4% cyclization product 2a were obtained when 
the reaction stopped after 10 mins (Scheme 13-1). On the other hand, the reaction of 2a with styrene 
was conducted under the same conditions (for 10 min at 40 ℃), giving 73% of 4aa with 18% 
recovery of 2a (Scheme 13-2). If the reaction involves the formation of 4aa completely from 2a 
according to the proposed mechanism, the yield of 4aa in the reaction of 2a should be around or 
over 90%. Comparing two results, the reaction rate for the formation of 4aa from intermediate 2a 
is obviously slower than that in auto-tandem reaction, which suggested there would be another 





Scheme 13. The reactions quenched after 10 min 
 
Thus, we revised the proposed anion work mechanism as follows (Scheme 14). The 
intramolecular cyclization provides intermediate B, protonation of which to afford compound C as 
initial product, tBuOK can be regenerated or anion A can be reproduced during the protonation 
process. Then compound C is transformed into 2 through the deprotonation-protonation sequence. 
This process involves the generation of carbanion D. A part of carbanion D would be trapped by 
alkenes 3, directly providing product 4. On the other hand, the other part of anion G would be 
converted into intermediate 2 by the protonation. As confirmed in the control experiment, 2 could 
be further deprotonated to regenerate carbanion D, which reacts with alkenes 3 to afford product 4. 
Comparing the acidity of C and 2, the former is higher. Therefore, the rate of the generation of anion 
D from C is faster than that from 2, which explains the rate difference observed in the control 
experiment shown in Scheme 13. Among them, the proton source of protonation step from 
carbanion D to compound 2 and intermediate E to product 4, may be provided by DMSO, compound 
2 or tBuOH, which possess similar acidity of each other. 




3.  Summary 
In this chapter, we explored the reaction mechanism of the intramolecular / intermolecular 
addition sequence for the synthesis of diarylalkanes developed in Chapter 2. According to the 
literature and our own proposal, both an anion and radical work mechanisms were conceivable and 
evaluated. The result of our mechanistic study strongly supports our proposed anion work 
mechanism of this reaction rather than the radical work mechanism. Meanwhile, we have found the 
reaction rate of auto-tandem catalysis of the substrate with styrene is faster than that of the reaction 
of the isolated intermediate with styrene, which can be explained by the involvement of two 
pathways to form the final product through the tandem processes. Besides, we also found 
unprecedented addition of carbanions to TEMPO under Brønsted base catalysis, further studies on 
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Chapter 4. Conclusion 
In this research, we aimed at the establishment of an auto-tandem Brønsted base catalysis with 
less acidic compounds by using a strong Brønsted base would not only provide a new method for 
the synthesis of valuable diarylalkanes but also demonstrate the high potential of the catalysis as a 
new methodology for organic synthesis. 
In Chapter 1, I briefly introduced the general Brønsted base catalysis process in organic 
chemistry and the molecular transformations on the basis of catalytic generation of anionic species 
by organosuperbase - phosphazenes and inorganic strong Brønsted base, which could break the 
limitation of less acidic pronucleophiles. Then I simply demonstrated the concept of “auto-tandem 
catalysis” and its applications with typical catalysts, such as transition metal, acid and Brønsted base, 
promoting reactions in organic synthesis. The “auto-tandem catalysis” provides an elegant approach 
to provide complex molecules in a single reactor. Therefore, the establishment of an auto-tandem 
Brønsted base catalysis with less acidic compounds, which could combine both advantages of the 
above methods, is highly desirable to expand the scope of its application and extend its utility in 
organic synthesis. Thus, I selected auto-tandem catalysis with strong Brønsted base as my PhD work. 
In Chapter 2, we give a proof concept of auto-tandem catalysis with strong Brønsted base, which 
developed an intermolecular/intramolecular addition sequence reaction to provide valuable 
diarylalkanes containing a benzofuran moiety (Scheme 1). We found the suitable reaction 
conditions – high basicity of strong Brønsted base and polar solvent DMSO, could catalyze 5-exo 
intramolecular cyclization and alkylation process of this reaction. We developed a new method 
applied strong Brønsted base to direct functionalization of less acidic pronucleophiles, providing 
valuable diarylalkanes without pre-synthesis of diarylmethanes.  
Scheme 1. Reaction design 
 
In Chapter 3, we explored the reaction mechanism of auto-tandem catalysis with strong Brønsted 
base, which developed in chapter 2. The control experiments were conducted to evaluate the radical 
work mechanism proposed by literature and anion work mechanism proposed by our own. The 
results strongly support our proposed anion work mechanism of this auto-tandem reaction. 
Meanwhile, we found it involves two pathways to convert substrate into the final product, according 
to the reaction rate of auto-tandem reaction of the substrate with styrene is faster than that of the 
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reaction of the isolated intermediate with styrene (Scheme 2). Besides, we also found unprecedented 
addition of carbanions to TEMPO under Brønsted base catalysis. 
Scheme 2. Revised work mechanism 
 
In this doctoral thesis, under the guidance of the concept of auto-tandem catalysis with strong 
Brønsted base, we have developed a new method for the synthesis of valuable diarylalkanes without 
pre-synthesis of diarylmethanes. This concept, auto-tandem catalysis with strong Brønsted base, can 
be potentially applicable to Brønsted-base-catalyzed addition reactions of many kinds of weakly 
acidic carbon pronucleophiles in efficient way under mild reaction conditions, thus extending its 
























1. General Information 
Unless otherwise noted, the reactions were carried out with dried glassware under argon 
atmosphere. 1H NMR spectra were recorded on a JEOL JNM-ECA600 (600 MHz) spectrometer. 
Chemical shifts are reported in ppm from the solvent resonance or tetramethylsilane (TMS) as the 
internal standard (CDCl3: 7.26 ppm, TMS: 0.00 ppm). Data are reported as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), coupling constants (Hz) 
and integration. 13C NMR spectra were recorded on a JEOL JNM-ECA600 (150 MHz) spectrometer 
with complete proton decoupling. Chemical shifts are reported in ppm from the solvent resonance 
as the internal standard (CDCl3: 77.0 ppm). Analytical thin layer chromatography (TLC) was 
performed on Merck precoated TLC plates (silica gel 60 GF254, 0.25 mm). Flash column 
chromatography was performed on silica gel 60N (spherical, neutral, 40-50 μm; Kanto Chemical 
Co., Inc.). High resolution mass spectra analysis was performed on a Bruker Daltonics solariX 9.4T 
FT-ICR-MS spectrometer and a JEOL JMS-T100GCV Time-of-Flight Mass Spectrometer at the 
Research and Analytical Center for Giant Molecules, Graduate School of Science, Tohoku 
University.  
Materials: Unless otherwise noted, materials were purchased from Wako Pure Chemical Industries, 
Ltd., Tokyo Chemical Industry Co., LTD., Aldrich Inc., and other commercial suppliers and were 
used without purification. Dichloromethane, diethyl ether, tetrahydrofuran and toluene were 
supplied from Kanto Chemical Co., Inc. as “Dehydrated solvent system”. Other solvents were 









Synthesis of S12 
To a mixture of PdCl2(PPh3)2 (0.21 g, 0.30 mmol), CuI (38 mg, 0.50 mmol) and 2-iodophenol 
(2.2 g, 10 mmol) in THF (35 mL) was added phenylacetylene (1.3 mL, 12 mmol) at room 
temperature. After the 2-iodophenol was completely consumed, the reaction was quenched with sat. 
aq. NH4Cl. The product was extracted with AcOEt, and the combined organic layer was dried over 
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Na2SO4. The solvent was removed under reduced pressure and the residue was purified by silica gel 
column chromatography (Hexane/AcOEt = 10 : 1) to afford S1 (1.8 g, 9.0 mmol, 90%) as a brown 
solid. 
Synthesis of 1 from S13 
Benzyl halide (2.0 mmol) was added to a mixture of S1 (0.35 g, 1.8 mmol) and K2CO3 (0.28 g, 3.6 
mmol) in acetonitrile (10 mL). The resulting mixture was heated at reflux until S1 was consumed. 
After cooled to room temperature, the reaction was quenched with H2O, and the product was 
extracted with AcOEt. The combined organic layer was dried over Na2SO4, filtered and evaporated 
to afford a crude mixture which was purified by silica gel column chromatography. 




To a solution of benzaldehydes (10 mmol) dissolved in methanol (50 mL) was added sodium 
borohydride (20 mmol) at room temperature, and the mixture was stirred at the same temperature 
for 30 min and concentrated under reduced pressure. The residue was diluted with methylene 
chloride (500 mL) and washed with water, and dried over anhydrous Na2SO4, and concentrated 
under reduced pressure to give the corresponding crude phenylmethanols (85% yield) which were 
used directly without further purification. 
To a solution of phenylmethanols (5 mmol) dissolved in methylene chloride (50 mL) in an ice-water 
bath was added phosphorus tribromide (5.5 mmol), and the mixture was stirred at the same 
temperature for 30 min. The mixture was washed with cool water, dried over anhydrous Na2SO4 
and concentrated under reduced pressure to yield (bromomethyl)benzenes as offwhite solids or light 
yellow oils (80% yield).  
 




Synthesis of S24 
Sodium borohydride (0.57 g, 15 mmol) was added portion-wise to a solution of furfural (0.82 mL, 
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10 mmol) in methanol (25 mL) at 0 °C. The resulting mixture was stirred at room temperature for 2 
h. The solvent was evaporated and the residue was dissolved in diethyl ether. The product was 
extracted with diethyl ether. The combined organic layer was dried over Na2SO4 and concentrated 
under reduced pressure to provide S2, which was used in the next step without further purification. 
Synthesis of 1f from S1 and S25 
Diethyl azodicarboxylate (0.60 mL, 3.5 mmol) was added to a solution of S2 (0.23 g, 2.3 mmol), 
S1 (0.45 g, 2.3 mmol), and PPh3 (0.90 g, 3.5 mmol) in THF (10 mL) at 0 ℃ over 5 min. The 
mixture was allowed to warm to room temperature and stirred until the disappearance of S1 and S2 
according to TLC. The product was extracted with AcOEt, and the combined organic layer was 
washed with brine, dried over Na2SO4, filtered and concentrated. The residue was purified by silica 
gel column chromatography (Hexane/AcOEt = 50 : 1) to give 1f (0.27 g, 0.99 mmol, 43%) as a 
colorless oil. 
 
Preparation of 1j-1r 
 
 
Synthesis of S3 
Benzyl bromide (1.2 mL, 10 mmol) was added to a mixture of the 2-iodophenol (2.2 g, 10 mmol) 
and K2CO3 (2.1 g, 15 mmol) in acetonitrile (35 mL). The resulting mixture was heated at reflux 
until 2-iodophenol was consumed. After cooled to room temperature, the reaction was quenched 
with H2O and the product was extracted with AcOEt. The combined organic layer was dried over 
Na2SO4, filtered and evaporated. The residue was purified by silica gel column chromatography 
(Hexane/AcOEt = 100 : 1) to afford S3 (2.9 g, 9.4 mmol, 94%) as a colorless oil. 
Synthesis of S4 
To a mixture of PdCl2(PPh3)2 (0.21 g, 0.30 mmol), CuI (35 mg, 0.50 mmol) and S3 (2.0 g, 9.0 mmol) 
in triethylamine (25 mL) was added trimethylsilylacetylene (1.0 mL, 13.5 mmol). The reaction 
mixture was stirred at 50°C. After S3 was completely consumed, sat. aq. NH4Cl was added to 
quench the reaction. The product was extracted with AcOEt, and the combine organic layer was 
dried over Na2SO4 and evaporated. The residue was then purified by silica gel column 




Synthesis of S5 
A mixture of S4 (2.0 g, 7.0 mmol) and K2CO3 (2.9 g, 21 mmol) in methanol (25 ml) was stirred at 
room temperature until S4 was completely consumed. The reaction was quenched with H2O and the 
product was extracted with AcOEt. The combined organic layer was dried over Na2SO4 and 
concentrated. The crude mixture was purified by silica gel column chromatography (Hexane/AcOEt 
= 50 : 1) to provide S5 (1.4 g, 6.7 mmol, 95%) as a yellow solid. 
Synthesis of 1 from S5 
A mixture of PdCl2(PPh3)2 (63 mg, 0.090 mmol), CuI (18 mg, 0.090 mmol), S5 (0.35 g, 1.7 mmol) 
and aryl iodide (2.0 mmol) in triethylamine (10 mL) was stirred at 50 °C. After S5 was completely 
consumed, sat. aq. NH4Cl was S5 added to the solution to quench the reaction. The product was 
extracted with AcOEt, and the combined organic layer was dried over Na2SO4 and evaporated to 
provide a crude mixture which was purified by silica gel column chromatography. 




Synthesis of S66 
2-Bromobenzenethiol (0.48 mL, 8.0 mmol) was added to a solution of I2 (0.15 g, 1.2 mmol) in 
toluene (50 mL) under N2 atmosphere. Then di-tert-butyl peroxide (7.4 mL, 40 mmol) was added 
to the mixture. The solution was heated at reflux for 20 h. After the completion of the reaction, the 
reaction was quenched with H2O and the product was extracted with AcOEt. The combined organic 
layers was dried over Na2SO4 and concentrated under reduce pressure. The purification of the crude 
mixture by silica gel column chromatography (Hexane/AcOEt = 100 : 1) provided S6 (1.7 g, 6.0 
mmol, 75%) as a white solid. 
Preparation of 5a from S6 
A mixture of PdCl2(PPh3)2 (0.16 g, 0.23 mmol), CuI (45 mg, 0.23 mmol), S6 (1.3 g, 4.5 mmol) and 
phenylacetylene (0.6 mL, 5.4 mmol) in triethylamine (20 mL) was heated at reflux overnight. After 
cooled to room temperature, sat. aq. NH4Cl was added to the solution to quench the reaction. The 
product was extracted with AcOEt, and the combined organic layer was dried over Na2SO4 and 
evaporated. The residue was purified by silica gel column chromatography (Hexane/AcOEt = 100 : 










Synthesis of S7 
A solution of 2- iodoaniline (438 mg, 2 mmol) and benzaldehyde (212 mg, 2 mmol) in methanol 
(15 mL) was added acetic acid (180 mg, 3 mmol). The reaction mixture was stirred at rt for 2 h. The 
solution was cooled down to 0 °C and sodium cyanoborohydride (189 mg, 3 mmol) was added in 
two portions over 30 min. The reaction mixture was stirred at rt until the complete consumption of 
the starting material as indicated by TLC. The reaction was quenched with the addition of saturated 
aqueous Na2CO3. The aqueous layer was extracted with CH2Cl2. The combined organic layer was 
dried over anhydrous Na2SO4. After the evaporation of the solvent under reduced pressure, the crude 
product was purified by column chromatography (Hexane/EtOAc) to give compound S7. 
Synthesis of S8 
A solution of S7 (1.6 mmol) and 37 % aqueous formaldehyde (1.3 g, 16 mmol) in acetonitrile (20 
mL) was added acetic acid (192 mg, 3.2 mmol). The reaction mixture was stirred at rt for 30 min. 
The solution was cooled down to 0 °C and sodium cyanoborohydride (151 mg, 2.4 mmol) was added 
in two portions over 30 min. The reaction mixture was stirred at rt for 2 h. The reaction was 
quenched with the addition of saturated aqueous Na2CO3. The aqueous layer was extracted with 
CH2Cl2. The combined organic layer was dried over anhydrous Na2SO4. After the evaporation of 
the solvent under reduced pressure, the crude product was purified by column chromatography 
(Hexane /EtOAc) to give compound S8. 
Synthesis of 5b 
A solution of Pd(PPh3)2Cl2 (21 mg, 0.03 mmol) and CuI (5.7 mg, 0.03 mmol) in Et3N (10 mL) were 
added S8 (1.5 mmol) and phenylacetylene (184 mg, 1.8 mmol). The reaction mixture was stirred 
under nitrogen atmosphere at rt for 2 h. The reaction was quenched with the addition of saturated 
aqueous NH4Cl. The aqueous layer was extracted with CH2Cl2. The combined organic layer was 
dried over anhydrous Na2SO4. After the evaporation of the solvent under reduced pressure, the crude 
product was purified by column chromatography (Hexane/EtOAc) to give 5b as a brown oil. 
General procedure for the synthesis of styrenes 
 
Methyl triphenylphosphonium bromide (1.25 eq) was suspended in THF and n-butyl lithium (1.2 
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eq) is added slowly at 0 °C. The resulting suspension was stirred at 0 °C for another 60 minutes, 
then it is cooled to -78 °C and the respective aldehyde was added slowly. The cold bath was removed 
and the reaction was allowed to warm to rt. Then sat. NH4Cl was added, and the resulting mixture 
was extracted three times with diethyl ether. The combined organic layers were dried over Na2SO4, 
concentrated in vacuo and purified by column chromatography with pentane as eluent to afford the 
styrene derivative. 
 




A mixture of sodium phenysulfinate (20 mmol, 3.28 g, 2 equiv) and 1,2-dibromoethane (10 mmol, 
1.88 g, 1 equiv) in 30 ml DMF was stirred under atmosphere of nitrogen at 80oC for overnight, and 
then 100 ml Et2O was added. The resulting mixture was washed by water and brine, dried over 
Na2SO4. After removing Et2O by rotator, the residue was purified by flash chromatography with 
EtOAc/Hexanes (1:3), the product 2t was obtained as a colorless solid with 50% yield (0.66 g). 
 




The reaction of 1a with 3a is representative (chapter 2: Table 2, entry 1). 
A DMSO solution (2.0 mL) of 1a (57 mg, 0.20 mmol) and styrene (2a, 35 μL, 0.30 mmol) was 
added a solution of potassium tert-butoxide in THF (1.0 M, 40 μL, 0.040 mmol). The reaction 
mixture was stirred at 40 °C for 3 h. The reaction was quenched by sat. aq. NH4Cl, and the 
product was extracted with AcOEt. The combined organic layer was dried over Na2SO4 and 
evaporated. The crude mixture was purified by silica gel column chromatography (Hexane/AcOEt 















White solid; 1H NMR (600 MHz, CDCl3)  7.49-7.53 (m, 3H), 7.47 (d, J = 8.4 Hz, 2H), 7.31-7.36 
(m, 5H), 7.28 (ddd, J = 8.4, 7.2, 2.4 Hz, 1H), 6.97 (ddd, J = 7.2, 7.2, 0.6 Hz, 1H), 6.92 (d, J = 8.4 
Hz, 1H), 5.16 (s, 2H); 
13C NMR (150 MHz, CDCl3)  159.0, 135.6, 133.5, 133.4, 131.5, 129.6, 128.7, 128.3, 128.3, 128.2, 
123.6, 121.2, 113.5, 112.9, 93.8, 85.7, 69.8;  
IR (ATR): 3060, 3032, 2866, 2216, 1898, 1593, 1496, 1447, 1277, 1240, 1219, 1013, 808 cm-1; 






White solid; 1H NMR (600 MHz, CDCl3)  8.59 (d, J = 4.2 Hz, 1H), 7.79 (d, J = 7.8 Hz, 1H), 
7.71 (ddd, J = 7.8, 7.2, 1.8 Hz, 1H), 7.56 (dd, J = 8.4, 1.8 Hz, 2H), 7.54 (dd, J = 7.8, 1.8 Hz, 1H), 
7.32-7.38 (m, 3H), 7.29 (ddd, J = 8.4, 7.2, 1.8 Hz, 1H), 7.22 (dd, J = 7.2, 4.2 Hz, 1H), 6.98 (dd, J 
= 7.2, 7.2 Hz, 1H), 6.96 (d, J = 8.4 Hz, 1H), 5.32 (s, 2H);  
13C NMR (150 MHz, CDCl3)  158.8, 157.4, 149.0, 136.9, 133.4, 131.6, 129.8, 128.3, 128.2, 123.7, 
122.5, 121.10, 121.05, 113.2, 112.5, 93.7, 85.8, 70.9;  
IR (ATR): 3377, 3061, 3017, 2943, 2216, 1591, 1573, 1497, 1482, 1280, 1242, 1219, 1108, 1049 
cm-1;  








Colorless oil; 1H NMR (600 MHz, CDCl3)  7.49-7.53 (m, 3H), 7.44 (dd, J = 1.8, 0.6 Hz, 1H), 
7.30-7.35 (m, 3H), 7.28 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 6.98 (ddd, J = 7.2, 
7.2, 0.6 Hz, 1H), 6.45 (d, J = 3.0 Hz, 1H), 6.38 (dd, J = 3.0, 1.8 Hz, 1H), 5.14 (s, 2H); 
13C NMR (150 MHz, CDCl3)  159.0, 150.4, 142.9, 133.5, 131.6, 129.6, 128.2, 128.1, 123.7, 
121.5, 114.02, 113.95, 110.5, 109.8, 93.7, 85.7, 63.9;  
IR (ATR): 3059, 3032, 2920, 2408, 2217, 1592, 1495, 1482, 1444, 1279, 1234, 1219, 1103, 917, 
884 cm-1;  






White solid; 1H NMR (600 MHz, CDCl3)  7.52 (d, J = 7.8 Hz, 2H), 7.50 (d, J = 7.8, 1.8 Hz, 1H), 
7.43 (d, J = 8.4 Hz, 2H), 7.38 (dd, J = 7.8, 7.2 Hz, 2H), 7.32 (t, J = 7.2 Hz, 1H), 7.31 (d, J = 8.4 Hz, 
2H), 7.29 (ddd, J = 7.8, 7.2, 1.8 Hz, 1H), 6.96 (dd, J = 7.2, 7.2 Hz, 1H), 6.95 (d, J = 7.8 Hz, 1H), 
5.20 (s, 2H);  
13C NMR (150 MHz, CDCl3)  159.3, 137.0, 134.0, 133.3, 132.8, 129.9, 128.6, 128.5, 127.8, 126.9, 
122.2, 121.0, 113.1, 112.8, 92.6, 86.9, 70.5;  
IR (ATR): 3065, 3032, 2903, 2860, 2217, 1945, 1894, 1597, 1571, 1498, 1219, 1086, 823 cm-1; 






White solid; 1H NMR (600 MHz, CDCl3)  7.53 (d, J = 7.8 Hz, 2H), 7.49 (dd, J = 7.8, 1.8 Hz, 1H), 
7.39 (dd, J = 7.8, 7.2 Hz, 2H), 7.31 (t, J = 7.2 Hz, 1H), 7.25-7.28 (m, 3H), 7.01 (dd, J = 5.4, 3.6 Hz, 
1H), 6.95 (dd, J = 7.8, 7.8 Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 5.20 (s, 2H);  
13C NMR (150 MHz, CDCl3)  159.1, 137.0, 133.0, 131.6, 129.8, 128.5, 127.7, 127.09, 127.06, 
126.8, 123.8, 121.0, 113.2, 112.9, 89.7, 86.8, 70.4; 
IR (ATR): 3089, 3067, 3032, 2869, 2205, 1595, 1485, 1445, 1273, 1219, 1023 cm-1;  










Light yellow oil; 1H NMR (600 MHz, CDCl3)  8.60 (dd, J = 4.8, 0.6 Hz, 1H), 7.60-7.63 (m, 1H), 
7.58 (dd, J = 7.2, 1.8 Hz, 1H), 7.51 (d, J = 7.2 Hz, 2H), 7.46 (d, J = 7.8 Hz, 1H), 7.36 (dd, J = 7.8, 
7.2 Hz, 2H), 7.25-7.31 (m, 2H), 7.19 (dd, J = 7.2, 5.4 Hz, 1H), 6.94 (ddd, J = 7.8, 7.8, 0.6 H, 1H), 
S76.92 (d, J = 8.4 Hz, 1H), 5.20 (s, 2H); 
13C NMR (150 MHz, CDCl3)  159.7, 150.0, 143.8, 137.0, 136.0, 133.8, 130.4, 128.5, 127.7, 127.2, 
126.9, 122.5, 120.9, 112.8, 112.4, 92.9, 86.0, 70.4;  
IR (ATR): 3396, 3062, 3032, 2913, 2219, 1580, 1491, 1445, 1380, 1277, 1088 cm-1;  






White solid; 1H NMR (600 MHz, CDCl3)  7.56-7.58 (m, 2H), 7.51 (d, J = 7.8 Hz, 1H), 7.31-7.37 
(m, 5H), 7.19-7.30 (m, 5H), 7.14 (ddd, J = 7.8, 7.8, 1.2 Hz, 1H), 4.22 (s, 2H);  
13C NMR (150 MHz, 
CDCl3)  139.5, 136.9, 132.6, 131.7, 128.9, 128.6, 128.5, 128.4, 128.3, 127.9, 127.2, 125.5, 123.24, 
123.18, 95.5, 87.3, 37.6;  
IR (ATR): 3059, 3028, 2917, 1597, 1579, 1490, 1457, 1440, 1236, 1088 cm-1;  






White solid; 1H NMR (600 MHz, CDCl3)  7.76 (dd, J = 7.8, 1.2 Hz, 2H), 7.53 (ddd, J = 7.8, 1.2, 
0.6 Hz, 1H), 7.44 (ddd, J = 7.8, 7.2, 1.2 Hz, 2H), 7.34-7.38 (m, 2H), 7.26-7.31 (m, 5H), 7.21 (td, J 
= 7.2, 1.8 Hz, 1H), 7.15-7.19 (m, 1H), 4.31 (s, 2H);  
13C NMR (150 MHz, CDCl3)  154.1, 152.1, 139.3, 130.9, 130.5, 128.7, 128.6, 128.4, 128.2, 126.9, 
126.3, 124.4, 122.6, 120.0, 113.8, 111.1, 30.1;  
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IR (ATR): 3083, 3061, 3026, 2900, 1946, 1602, 1493, 1455, 1218, 1059, 1027, 741 cm-1;  






White solid; 1H NMR (600 MHz, CDCl3)  7.65-7.68 (m, 3H), 7.58 (d, J = 8.4 Hz, 1H), 7.39-7.47 
(m, 5H), 7.31-7.35 (m, 3H), 7.22-7.25 (m, 2H), 7.17-7.19 (m, 2H), 7.13-7.15 (m, 1H), 7.02 (d, J = 
7.2 Hz, 2H), 4.52 (dd, J = 9.0, 5.4 Hz, 1H), 2.51-2.71 (m, 4H);  
13C NMR (150 MHz, CDCl3)   154.5, 152.6, 143.8, 141.7, 131.0, 128.9, 128.6, 128.5 (2C), 128.4, 
128.2, 127.9, 127.7, 126.3, 125.7, 124.2, 122.5, 121.6, 117.3, 111.4, 40.9, 36.6, 34.2;  
IR (ATR): 3059, 3025, 2921, 1601, 1493, 1455, 1236, 1088 cm-1;  






Colorless oil; 1H NMR (600 MHz, CDCl3)  7.63 (d, J = 7.8 Hz, 1H), 7.53 (d, J = 8.4 Hz, 1H), 7.50 
(d, J = 8.4 Hz, 2H), 7.36 (d, J = 8.4 Hz, 2H), 7.35-7.37 (m, 2H), 7.27-7.32 (m, 3H), 7.18-7.22 (m, 
2H), 7.10-7.17 (m, 3H), 6.97 (d, J = 8.4 Hz, 2H), 4.38-4.41 (m, 1H), 2.55-2.64 (m, 3H), 2.48-2.51 
(m, 1H);  
13C NMR (150 MHz, CDCl3)  154.5, 151.3, 143.5, 141.4, 134.5, 129.4, 129.1, 128.9, S8128.8, 
128.6, 128.4, 128.3, 127.6, 126.4, 125.8, 124.5, 122.6, 121.6, 117.9, 111.5, 40.8, 36.4, 34.1;  
IR (ATR): 3083, 3059, 3025, 2942, 2861, 1601, 1583, 1488, 1451, 1092, 1013, 832 cm-1;  








Colorless oil; 1H NMR (600 MHz, CDCl3)  7.61 (d, J = 8.4 Hz, 1H), 7.53 (d, J = 9.0 Hz, 2H), 7.51 
(d, J = 7.8 Hz, 1H), 7.37 (d, J = 7.2 Hz, 2H), 7.26-7.30 (m, 3H), 7.17-7.21 (m, 2H), 7.15 (ddd, J = 
7.8, 7.2, 1.2 Hz, 2H), 7.10-7.12 (m, 1H), 6.98 (d, J = 7.2 Hz, 2H), 6.93 (d, J = 9.0 Hz, 2H), 4.42 (dd, 
J = 9.6, 6.0 Hz, 1H), 3.86 (s, 3H), 2.47-2.66 (m, 4H);  
13C NMR (150 MHz, CDCl3)  159.8, 154.4, 152.7, 144.0, 141.8, 129.3, 129.1, 128.53, 128.45, 
128.2, 127.7, 126.3, 125.7, 123.8, 123.5, 122.4, 121.3, 116.1, 114.1, 111.3, 55.4, 41.0, 36.6, 34.3; 
IR (ATR): 3059, 3024, 2932, 2861, 2836, 1612, 1507, 1453, 1251, 1176, 1095, 834 cm-1;  





Colorless oil; 1H NMR (600 MHz, CDCl3)  7.95 (dd, J = 7.2, 2.4 Hz, 1H), 7.92 (d, J = 8.4 Hz, 1H), 
7.86 (d, J = 8.4 Hz, 1H), 7.71 (d, J = 7.2 Hz, 1H), 7.57 (d, J = 8.4 Hz, 1H), 7.52 (ddd, J = 8.4, 7.2, 
1.2 Hz, 1H), 7.42-7.47 (m, 3H), 7.34 (ddd, J = 7.2, 7.2, 1.2 Hz, 1H), 7.29 (d, J = 7.2 Hz, 2H), 7.22-
7.27 (m, 3H), 7.16 (t, J = 7.2 Hz, 1H), 7.06-7.09 (m, 3H), 6.90 (dd, J = 7.8, 2.4 Hz, 2H), 4.14 (dd, 
J = 9.0, 5.4 Hz, 1H), 2.53-2.61 (m, 2H), 2.41-2.48 (m, 2H);  
13C NMR (150 MHz, CDCl3)  154.9, 152.5, 143.8, 141.8, 133.8, 132.7, 129.9, 129.1, 128.4, 128.3 
(3C), 128.2, 128.1, 127.7, 126.7, 126.23, 126.19, 126.1, 125.7, 125.0, 124.2, 122.6, 121.4, 119.9, 
111.6, 41.3, 36.3, 34.4;  
IR (ATR): 3059, 3025, 2922, 2863, 2407, 2361, 1944, 1494, 1452, 1217, 1087, 894 cm-1;  






Colorless oil; 1H NMR (600 MHz, CDCl3)  8.63 (ddd, J = 4.8, 1.8, 0.6 Hz, 1H), 7.91 (dt, J = 8.4, 
1.2 Hz, 1H), 7.76 (ddd, J = 7.8, 7.8, 1.8 Hz, 1H), 7.59 (d, J = 7.8 Hz, 1H), 7.50-7.53 (m, 3H), 7.24-
7.31 (m, 3H), 7.21 (ddd, J = 7.2, 4.8, 1.2 Hz, 1H), 7.12-7.18 (m, 4H), 7.10 (tt, J = 7.2, 1.8 Hz, 1H), 
7.06 (d, J = 7.8 Hz, 2H), 5.87 (dd, J = 6.0, 6.0 Hz, 1H), 2.60-2.70 (m, 4H);  
13C NMR (150 MHz, CDCl3)  154.4, 151.2, 149.6, 149.2, 144.0, 142.3, 136.3, 128.8, 128.4, 128.2, 
128.1, 127.9, 126.0, 125.6, 125.0, 122.5, 122.24, 122.19 (2C), 121.3, 111.5, 39.4, 35.3, 34.2;  
IR (ATR): 3084, 3058, 3024, 2922, 2862, 1945, 1596, 1494, 1453, 1423, 1218, 1088, 889 cm-1;  







Light red oil; 1H NMR (600 MHz, CDCl3)  7.54 (d, J = 7.8 Hz, 1H), 7.49 (dd, J = 1.8, 0.6 Hz, 1H), 
7.47 (d, J = 7.8 Hz, 1H), 7.43 (d, J = 7.2 Hz, 2H), 7.24-7.29 (m, 3H), 7.12-7.21 (m, 5H), 7.07 
(d, J = 8.4 Hz, 2H), 6.75 (dd, J = 3.6, 0.6 Hz, 1H), 6.52 (dd, J = 3.0, 1.8 Hz, 1H), 4.86 (dd, J = 9.6, 
5.4 Hz, 1H), 2.56-2.69 (m, 4H);  
13C NMR (150 MHz, CDCl3)  154.5, 146.6, 144.0, 143.5, 142.8, 141.9, 128.5, 128.4, 128.3, 128.2, 
127.7, 126.2, 125.7, 124.5, 122.7, 121.4, 117.8, 111.4, 111.3, 109.1, 39.9, 35.4, 34.2;  
IR (ATR): 3083, 3059, 3025, 2924, 2861, 1600, 1494, 1444, 1345, 1262, 1161, 1008, 884 cm-1; 






Colorless oil; 1H NMR (600 MHz, CDCl3)  7.56-7.58 (m, 3H), 7.54 (d, J = 7.8 Hz, 1H), 7.37-7.43 
(m, 3H), 7.28-7.32 (m, 3H), 7.24-7.26 (m, 2H), 7.19 (ddd, J = 7.8, 7.8, 0.6 Hz, 1H), 7.09-7.16 (m, 
3H), 6.96 (d, J = 7.2 Hz, 2H), 4.43 (dd, J = 9.6, 5.4 Hz, 1H), 2.55-2.65 (m, 2H), 2.45-2.53 (m, 2H);  
13C NMR (150 MHz, CDCl3)  154.5, 152.7, 142.3, 141.4, 132.0, 130.8, 129.2, 128.7 (3C), 128.6, 
128.4, 128.3, 127.9, 125.8, 124.3, 122.6, 121.3, 116.7, 111.5, 40.3, 36.5, 34.1;  
IR (ATR): 3060, 3025, 2942, 2861, 2408, 1897, 1490, 1454, 1218, 1092, 1013, 746 cm-1;  






Colorless oil; 1H NMR (600 MHz, CDCl3)  7.60-7.62 (m, 3H), 7.53 (d, J = 8.4 Hz, 1H), 7.36-7.43 
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(m, 3H), 7.28 (d, J = 8.4 Hz, 2H), 7.27-7.30 (m, 1H), 7.18 (dd, J = 7.8, 7.2 Hz, 1H), 7.14 (dd, J =7.8, 
7.2 Hz, 2H), 7.10 (t, J = 7.2 Hz, 1H), 6.97 (d, J = 7.2 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 4.42 (dd, J 
= 9.6, 5.4 Hz, 1H), 3.76 (s, 3H), 2.46-2.64 (m, 4H);  
13C NMR (150 MHz, CDCl3)  158.0, 154.5, 152.4, 141.8, 135.8, 131.0, 128.9, 128.61, 128.59, 
128.5, 128.4, 128.2, 127.9, 125.7, 124.2, 122.4, 121.6, 117.6, 113.9, 111.4, 55.2, 40.0, 36.7, 34.2;  
IR (ATR): 3059, 3025, 2948, 2860, 2833, 2339, 1609, 1509, 1454, 1218, 1178, 1033, 823 cm-1;  






White solid; 1H NMR (600 MHz, CDCl3)  7.84 (dd, J = 7.8, 7.2 Hz, 2H), 7.73 (d, J = 7.8 Hz, 1H), 
7.72 (d, J = 7.2 Hz, 1H), 7.56 (d, J = 7.8 Hz, 2H), 7.48 (d, J = 7.2 Hz, 2H), 7.43 (dd, J = 7.8, 7.2 
Hz, 1H), 7.39 (dd, J = 7.8, 7.2 Hz, 1H), 7.24-7.35 (m, 6H), 7.11-7.14 (m, 3H), 6.95-6.98 (m, 2H), 
5.11 (dd, J = 9.6, 4.2 Hz, 1H), 2.70-2.81 (m, 2H), 2.55-2.62 (m, 2H);  
13C NMR (150 MHz, CDCl3)  154.6, 152.6, 141.4, 139.6, 134.2, 131.1, 130.9, 129.6, 129.1, 128.7, 
128.6, 128.5, 128.2, 127.9, 127.3, 126.0, 125.9, 125.5, 125.4, 124.8, 124.2, 123.2, 122.6, 121.8, 
117.1, 111.6, 37.2, 36.6, 34.3;  
IR (ATR): 3058, 3032, 2925, 2857, 2408, 1598, 1493, 1454, 1219, 1026 cm-1;  
HRMS (FD+) m/z: [M] Calcd for C33H26O 438.1984, Found 438.1983; Mp. 134.4-135.4 °C. 
 




White solid; 1H NMR (600 MHz, CDCl3)  7.69-7.72 (m, 2H), 7.62 (d, J = 7.2 Hz, 1H), 7.57 (d, J 
= 7.2 Hz, 1H), 7.45-7.49 (m, 2H), 7.43 (tt, J = 7.2, 1.8 Hz, 1H), 7.33 (ddd, J = 7.8, 7.2, 1.2 Hz, 1H), 
7.19-7.24 (m, 2H), 7.11-7.18 (m, 3H), 6.99 (dd, J = 7.2, 1.2 Hz, 2H), 6.95-6.97 (m, 2H), 4.70 (dd, 
J = 9.6, 4.8 Hz, 1H), 2.69-2.77 (m, 1H), 2.59-2.66 (m, 2H), 2.49-2.54 (m, 1H);  
13C NMR (150 MHz, CDCl3)  154.6, 152.6, 148.0, 141.2, 130.7, 128.7 (2C), 128.4, 128.2, 128.1, 
127.9, 126.7, 125.8, 124.3, 124.1, 123.6, 122.4, 121.4, 117.1, 111.4, 37.3, 36.8, 33.8;  
IR (ATR): 3060, 3025, 2942, 2858, 2340, 1601, 1493, 1454, 1219, 1062, 745 cm-1; 








White solid; 1H NMR (600 MHz, CDCl3)  8.64 (d, J = 4.2 Hz, 1H), 7.74 (d, J = 7.8 Hz, 1H), 7.68 
(d, J = 7.2 Hz, 2H), 7.51 (ddd, J = 7.8, 7.8, 1.8 Hz, 1H), 7.50 (d, J = 7.8 Hz, 1H), 7.42 (dd, J = 7.8, 
7.2 Hz, 2H), 7.37 (tt, J = 7.2, 1.2 Hz, 1H), 7.27 (ddd, J = 8.4, 7.8, 1.2 Hz, 1H), 7.20 (d, J = 8.4 Hz, 
1H), 7.17 (d, J = 7.8, 7.2 Hz, 1H), 7.15 (dd, J = 7.8, 7.2 Hz, 2H), 7.08-7.12 (m, 2H), 7.00 (d, J = 7.2 
Hz, 2H), 4.63 (dd, J = 7.8, 6.6 Hz, 1H), 2.86-2.95 (m, 1H), 2.55-2.64 (m, 3H);  
13C NMR (150 MHz, CDCl3)  162.5, 154.5, 152.5, 149.2, 141.8, 136.5, 130.9, 128.70, 128.65, 
128.5 (2C), 128.2, 127.9, 125.7, 124.2, 122.8, 122.4, 121.9, 121.4, 116.9, 111.3, 43.4, 34.9, 34.1;  
IR (ATR): 3060, 3025, 2930, 2858, 1588, 1568, 1494, 1455, 1348, 1091, 889 cm-1; HRMS (FD+) 






White solid; 1H NMR (600 MHz, CDCl3)  7.60 (d, J = 7.8 Hz, 1H), 7.57-7.60 (m, 2H), 7.54 (d, J 
= 7.8 Hz, 1H), 7.39-7.43 (m, 3H), 7.37 (d, J = 7.2 Hz, 2H), 7.28-7.32 (m, 3H), 7.22 (d, J =8.4 Hz, 
2H), 7.18-7.23 (m, 2H), 6.81 (d, J = 8.4 Hz, 2H), 4.42 (dd, J = 9.6, 4.8 Hz, 1H), 2.58-2.64 (m, 1H), 
2.46-2.57 (m, 2H), 2.40-2.45 (m, 1H);  
13C NMR (150 MHz, CDCl3)  154.5, 152.6, 143.6, 140.5, 131.2, 130.8, 130.2, 128.8, 128.64 (2C), 
128.61, 127.8, 127.6, 126.4, 124.3, 122.5, 121.5, 119.5, 117.0, 111.5, 40.6, 36.4, 33.5;  
IR (ATR): 3058, 3032, 2942, 2861, 2408, 1893, 1599, 1487, 1454, 1218, 1071, 1010, 744 cm-1;  







Colorless oil; 1H NMR (600 MHz, CDCl3)  7.62 (d, J = 7.8 Hz, 1H), 7.60 (d, J = 7.2 Hz, 2H), 7.53 
(d, J = 7.8 Hz, 1H), 7.35-7.42 (m, 5H), 7.26-7.30 (m, 3H), 7.19 (d, J = 7.2 Hz, 1H), 7.17 (d, J = 7.2 
Hz, 1H), 6.95 (d, J = 7.8 Hz, 2H), 6.86 (d, J = 7.8 Hz, 2H), 4.47 (dd, J = 9.6, 5.4 Hz, 1H), 2.42-2.65 
(m, 4H), 2.26 (s, 3H);  
13C NMR (150 MHz, CDCl3)  154.5, 152.5, 143.9, 138.6, 135.1, 131.0, 128.9 (2C), 128.6, 128.52, 
128.49, 128.3, 127.9, 127.7, 126.3, 124.2, 122.5, 121.6, 117.4, 111.4, 40.9, 36.7, 33.8, 21.0;  
IR (ATR): 3083, 3056, 3023, 2922, 2860, 1893, 1492, 1454, 1218, 1099, 889, 745 cm-1;  





Colorless oil; 1H NMR (600 MHz, CDCl3)  7.59-7.63 (m, 3H), 7.53 (d, J = 7.8 Hz, 1H), 7.36-7.41 
(m, 5H), 7.26-7.30 (m, 3H), 7.17-7.20 (m, 2H), 6.87 (d, J = 9.0 Hz, 2H), 6.67 (d, J = 9.0 Hz, 2H), 
4.45 (dd, J = 9.0, 6.0 Hz, 1H), 3.72 (s, 3H), 2.41-2.63 (m, 4H); 13C NMR (150 MHz, CDCl3)  157.7, 
154.5, 152.5, 143.9, 133.7, 131.0, 129.3, 128.9, 128.6, 128.52, 128.49, 127.9, 127.7, 126.3, 124.2, 
122.5, 121.6, 117.3, 113.6, 111.4, 55.2, 40.7, 36.8, 33.2;  
IR (ATR): 3058, 3031, 3000, 2934, 2860, 2833, 2408, 1611, 1510, 1455, 1245, 1219, 1035, 832 
cm-1;  






Light yellow oil; 1H NMR (600 MHz, CDCl3)  7.65 (dd, J = 7.2, 1.2 Hz, 2H), 7.63 (d, J = 7.8 Hz, 
1H), 7.53 (d, J = 7.8 Hz, 1H), 7.43 (dd, J = 7.8, 7.2 Hz, 2H), 7.38-7.42 (m, 3H), 7.27-7.32 (m, 3H), 
7.25 (dd, J = 7.8, 1.2 Hz, 1H), 7.20 (t, J = 7.8 Hz, 1H), 7.18 (ddd, J = 7.8, 7.2, 0.6 Hz, 1H), 7.04 
(ddd, J = 7.8, 7.2, 1.8 Hz, 1H), 6.97 (ddd, J = 7.8, 7.2, 1.2 Hz, 1H), 6.89 (dd, J = 7.2, 1.2 Hz, 1H), 
4.49 (dd, J = 9.0, 6.6 Hz, 1H), 2.54-2.71 (m, 4H);  
13C NMR (150 MHz, CDCl3)  154.5, 152.6, 143.6, 139.3, 133.8, 130.9, 130.5, 129.4, 128.9, 128.62, 
128.58, 128.56, 128.0, 127.7, 127.3, 126.6, 126.3, 124.2, 122.4, 121.7, 117.2, 111.4, 41.2, 34.5, 
32.3;  
IR (ATR): 3059, 3032, 2925, 2408, 1600, 1492, 1455, 1219, 1089, 889, 745 cm-1;  
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Green oil; 1H NMR (600 MHz, CDCl3)  7.79 (d, J = 8.4 Hz, 1H), 7.69 (d, J = 8.4 Hz, 1H), 7.62-
7.66 (m, 4H), 7.56 (d, J = 8.4 Hz, 1H), 7.38-7.45 (m, 6H), 7.26-7.34 (m, 4H), 7.18-7.22 (m, 3H), 
7.05 (d, J = 7.2 Hz, 1H), 4.58 (dd, J = 10.2, 6.0 Hz, 1H), 3.05 (ddd, J = 13.8, 10.2, 5.4 Hz, 1H), 2.93 
(ddd, J = 13.8, 9.6, 6.0 Hz, 1H), 2.73-2.81 (m, 1H), 2.62-2.70 (m, 1H);  
13C NMR (150 MHz, CDCl3)  154.6, 152.9, 143.6, 137.8, 133.8, 131.6, 130.9, 128.8, 128.7, 128.62, 
128.58, 128.5, 127.9, 127.7, 126.6, 126.3, 126.2, 125.6, 125.4, 125.3, 124.3, 123.7, 122.5, 121.7, 
117.4, 111.5, 41.4, 35.8, 31.5;  
IR (ATR): 3058, 3033, 2949, 2869, 2408, 1806, 1596, 1492, 1454, 1218, 1087, 745 cm-1;  






Light yellow oil; 1H NMR (600 MHz, CDCl3)  8.43 (dd, J = 4.8, 0.6 Hz, 1H), 7.63 (dd, J = 7.8, 
1.2 Hz, 2H), 7.61 (d, J = 8.4 Hz, 1H), 7.52 (d, J = 8.4 Hz, 1H), 7.33-7.43 (m, 6H), 7.26-7.31 (m, 
3H), 7.20 (dd, J = 7.8, 7.2 Hz, 1H), 7.13 (ddd, J = 7.2, 7.2, 1.2 Hz, 1H), 6.99 (ddd, J = 7.2, 4.8, 1.2 
Hz, 1H), 6.78 (d, J = 7.8 Hz, 1H), 4.48 (dd, J = 9.0, 5.4 Hz, 1H), 2.64-2.81 (m, 4H);  
13C NMR (150 MHz, CDCl3)  161.1, 154.5, 152.6, 149.0, 143.6, 136.2, 130.9, 128.8, 128.6, 128.5 
(2C), 127.9, 127.7, 126.3, 124.2, 123.1, 122.5, 121.6, 121.0, 117.1, 111.4, 40.9, 36.5, 34.4;  
IR (ATR): 3058, 2928, 1590, 1492, 1455, 1218, 1091, 1027, 889, 744 cm-1;  













Colorless oil; 1H NMR (600 MHz, CDCl3)  7.63 (d, J = 7.8 Hz, 1H), 7.53 (d, J = 8.4 Hz, 1H), 7.22-
7.35 (m, 10H), 7.15-7.20 (m, 4H), 7.03-7.13 (m, 8H), 4.40 (t, J = 7.8 Hz, 1H), 3.82 (t, J = 7.8 Hz, 
1H), 3.03 (dd, J = 7.8, 7.8 Hz, 2H);  
13C NMR (150 MHz, CDCl3)  154.5, 152.6, 144.9, 143.5, 143.1, 130.7, 128.8, 128.6, 128.39 (2C), 
128.36, 128.3, 128.1, 127.7, 127.6 (2C), 126.3, 126.2, 126.1, 124.2, 122.5, 121.6, 116.9, 111.4, 49.0, 
40.7, 39.1;  
IR (ATR): 3083, 3059, 3025, 2923, 2408, 1599, 1493, 1454, 1219, 1088, 889 cm-1; HRMS (FD+) 






White solid, a mixture of diasteromers (dr = 60:40); 1H NMR (600 MHz, CDCl3)  7.66 (d, J = 8.4 
Hz, 0.4H), 7.60 (d, J = 8.4 Hz, 0.6H), 7.56 (d, J = 8.4 Hz, 0.4H), 7.49 (d, J = 8.4 Hz, 0.6H), 7.14-
7.48 (m, 14H), 6.97-7.04 (m, 2.2H), 6.83-6.87 (m, 0.8H), 4.48 (dd, J = 8.4, 7.8 Hz, 0.6H), 4.19 (dd, 
J = 11.4, 4.2 Hz, 0.4H), 2.63-2.74 (m, 1H), 2.45-2.57 (m, 1.6H), 2.39 (ddd, J = 13.8, 10.8, 4.2 Hz, 
0.4H), 1.16 (d, J = 7.2 Hz, 1.8H), 1.15 (d, J = 7.2 Hz, 1.2 H);  
13C NMR (150 MHz, CDCl3)  154.5, 154.4, 152.9, 151.8, 147.0, 145.8, 144.3, 143.5, 130.9, 130.8, 
129.2, 128.9, 128.52 (2C), 128.47, 128.4 (2C), 128.34, 128.32, 128.2, 127.79, 127.77, 127.6, 127.5, 
127.01, 126.99, 126.3, 126.1, 126.0, 125.8, 124.1 (2C), 122.5, 122.4, 121.6, 121.5, 117.9, 116.6, 
111.5, 111.3, 43.8, 43.5, 39.4, 39.3, 38.1, 37.7, 23.4, 21.0;  
IR (ATR): 3082, 3059, 3025, 2957, 2925, 2867, 1947, 1887, 1600, 1454, 1218, 1026, 745 cm-1;  
HRMS (FD+) m/z: [M] Calcd for C30H26O 402.1984, Found 402.1981; Mp. 140.7-141.2 °C. 
 





White solid; 1H NMR (600 MHz, CDCl3)  7.67 (dd, J = 7.8, 1.8 Hz, 2H), 7.51 (d, J = 8.4 Hz, 1H), 
7.44 (dd, J = 7.8, 7.2 Hz, 2H), 7.34-7.41 (m, 11H), 7.28 (dd, J = 7.2, 7.2 Hz, 9H), 7.22-7.25 (m, 
2H), 7.16 (t, J = 7.2 Hz, 1H), 7.10 (ddd, J = 7.8, 7.2, 0.6 Hz, 1H), 4.41 (dd, J = 8.4, 5.4 Hz, 1H), 
2.42-2.51 (m, 1H), 2.32-2.40 (m, 1H), 1.23-1.34 (m, 2H);  
13C NMR (150 MHz, CDCl3)  154.5, 153.0, 144.0, 135.6, 134.8, 131.0, 129.4, 128.8, 128.59, 
128.55, 128.5, 128.1, 127.8, 127.7, 126.2, 124.1, 122.4, 121.8, 117.2, 111.3, 45.2, 29.4, 11.9;  
IR (ATR): 3067, 3022, 2928, 2408, 1588, 1492, 1455, 1428, 1255, 1219, 1110, 1028 cm-1;  





White solid; 1H NMR (600 MHz, CDCl3)  7.84 (d, J = 7.8 Hz, 1H), 7.59 (d, J = 7.8 Hz, 1H), 7.44-
7.47 (m, 2H), 7.37-7.40 (m, 3H), 7.32 (d, J = 7.2 Hz, 2H), 7.24-7.30 (m, 3H), 7.15-7.22 (m, 4H), 
7.10 (t, J = 7.2 Hz, 1H), 6.95 (d, J = 7.2 Hz, 2H), 4.58 (dd, J = 8.4, 6.0 Hz, 1H), 2.52-2.63 (m, 2H), 
2.40 (t, J = 7.8 Hz, 2H);  
13C NMR (150 MHz, CDCl3)  143.3, 142.0, 140.6, 139.6, 138.9, 134.7, 133.3, 130.0, 128.5, 128.4, 
128.3, 128.23, 128.20, 127.6, 126.1, 125.7, 124.0, 123.9, 123.8, 122.3, 42.6, 35.0, 34.3;  
IR (ATR): 3058, 3024, 2923, 2861, 1599, 1494, 1444, 1432, 1219, 1088, 890 cm-1; HRMS (FD+) 










1. To a stirring suspension of sodium borodeuteride (205 mg, 5 mmol) in dry THF (10 mL) and 
water -d2 (3 ml), then benzoyl chloride (703 mg, 5 mmol) was added at 0 ℃ under argon atmosphere. 
When addition was completed, the solution was stirred for 2 hours at room temperature. The mixture 
was carefully quenched by water, and the resulting mixture was acidified with 1 M aqueous HCl, 
and then extracted with Et2O (3 × 20 mL). The combined organic fraction was washed with 10% 
aqueous Na2CO3 and saturated brine, dried over anhydrous Na2SO4, filtered, and evaporated to give 
a paleyellow oil as the alcohol product. This compound was directly used for the next step without 
further purification 
 
2. 1,1-dideuteriophenylmethanol was taken in 10 ml of dry DCM and cooled to ice cold temperature.  
PBr3 (0.48 ml, 5 mmol) was added dropwise. The reaction mixture was stirred at ice cold 
temperature for 1 hour and allowed to attain room temperature and stirred for another 1 hour.  The 
reaction became homogenous. 15 ml of saturated sodium carbonate solution was added slowly under 
ice cold condition.  Separated organic layer was dried over sodium sulphate to obtain product 1a-
d2 in 88% yield. The compound was used as such for subsequent step without further purification. 
 




In a 50 mL round bottom flask methyltriphenylphosphonium bromide (3.57 g, 10 mmol) was 
dissolved in anhydrous THF (30 mL) and the mixture was cooled to -78 °C. nBuLi (4.0 mL, 2.5M, 
10 mmol) was added dropwise, after which the cooling was removed. To this mixture cyclopropyl 
phenyl ketone (0.73 g, 5.0 mmol) dissolved in anhydrous THF (3 mL) was added dropwise and the 
reaction was left to stir for one hour, at which the reaction was deemed done by TLC analysis. Brine 
(15 mL) was added and the phases were separated. The aqueous phase was extracted with pentane 
(3x 10 mL), and the combined organic phases were dried over MgSO4, filtered and concentrated 
onto celite. The crude mixture was plugged with pentane (200 mL), which afforded 3b as a clear 
liquid (0.71 g, 99%) after evaporation under reduced pressure. 
 






The reaction of 1a with 3a is representative (chapter 3: Table 1, entry 3-4). 
 
A DMSO solution (2.0 mL) of 1a (57 mg, 0.20 mmol) and TEMPO (62.5 mg, 0.40 mmol) was 
added a solution of potassium tert-butoxide in THF (1.0 M, 40 μL, 0.040 mmol). The reaction 
mixture was stirred at 40 °C for 3 h. The reaction was quenched by sat. aq. NH4Cl, and the product 
was extracted with AcOEt. The combined organic layer was dried over Na2SO4 and evaporated. The 
crude mixture was purified by silica gel column chromatography to provide 5 (61 mg, 0.14 mmol, 
70%) as a white solid. 
 
Synthesis of 6 
 
 
Into a round-bottom flask containing a magnetic stirring bar was added styrene (0.23 ml, 2 mmol), 
SiO2 gel (1g; 0.5 g/mmol styrene) and DCM (5 ml, 2.5 mL/mmol styrene). The mixture was stirred 
vigorously, and 0.4 eq. PBr3 (0.4 M in DCM) was added in one portion, resulting in a deep orange 
or red solution. The reaction was stirred for 30-60 minutes and monitored by TLC. When the 
reaction appeared complete by TLC, 10% NaHCO3 was added dropwise to the reaction until the 
solution became colourless or light yellow, and no further evolution of CO2 was noted. The resulting 
slurry was filtered through a celite plug and eluted with DCM. The resulting organic solution was 





White solid; 1H NMR (600 MHz, CDCl3)  8.18-8.19 (dd, J = 1.2 Hz, 6H), 7.56 (d, J = 7.2 Hz, 1H), 
7.52 (t, J = 7.8 Hz, 2H), 7.43-7.45 (m, 4H), 7.22-7.25 (m, 3H), 7.15 (t, J = 7.8 Hz, 1H), 7.11 (t, J = 
7.2 Hz, 1H), 6.33 (s, 1H), 1.54 (m, 3H), 1.44 (td, J = 12.6, 9.0 Hz, 2H), 1.33 (s, 4H), 1.06 (d, J = 
28.2 Hz, 6H), 0.68 (s, 3H);  
13C NMR (150 MHz, CDCl3)  154.34, 152.27, 142.28, 130.85, 128.83, 128.70, 128.46, 128.05, 
126.78, 126.59, 124.21, 122.64, 122.33, 118.93, 111.03, 81.46, 77.37, 77.16, 76.94, 60.90, 59.64, 
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X : parts per Million : Carbon13
















































































































































1. “Synthesis of diarylalkanes through an intramolecular/intermolecular addition sequence by 
auto-tandem catalysis with strong Brønsted base” 
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